We introduce a model for Ce 3+ impurities in cubic metals which exhibits 
The common paradigm to understand the electronic properties of metals is the Landau Fermi-liquid picture, in which the low energy excitation spectrum has a 1:1 map to that of the non-interacting electron gas and concommitant constant specific heat coefficient C el /T and susceptibility χ(T ) at low temperatures. Recent discoveries in heavy electron materials of non-Fermi liquid behavior in C el /T and other properties [1] [2] [3] [4] [5] [6] together with non-Fermi liquid resistance curves in small quenched copper point contacts [7] have stimulated renewed interest in the multichannel Kondo model introduced by Nozières and Blandin [8] . In this model an impurity with internal degrees of freedom (spin S I ) couples antiferromagnetically to M degenerate conduction channels or bands. For M > 2S I the local spin is "overcompensated" yielding a critical ground state with a non-Fermi liquid excitation spectrum (e.g., for M = 2, S I = 1/2, C el /T ∼ − ln(T ) for T → 0 [9, 10] ). Non-magnetic impurities with internal degrees of freedom generically give rise to the M = 2, S I = 1/2 model [11, 12] , and these models have been argued to describe uranium based heavy fermion alloy systems [1] [2] [3] 5, 6] and point contact data [7] . Surprisingly, to date no realistic M = 2, S I = 1/2 magnetic impurity candidates have been put forward.
In this paper, we propose and study in detail an Anderson impurity model for a Ce 3+ ion in a cubic metal host which admits low temperature physics of either the M = 1, 2, or 3, S I = 1/2 magnetic Kondo impurity model. The model retains the lowest crystalline electric field (CEF) states of the f 1 and f 2 configurations. In addition to employing perturbative scaling arguments, we utilize the non-crossing approximation (NCA), which we calibrate by comparing our calculated magnetic susceptibility χ(T ) curves for M = 2, 3 with the exact results [9] . We show that a large, negative thermoelectric power S(T ) is a necessary condition for observiong the M = 2, S I = 1/2 magnetic Kondo effect. Our results will likely survive a more realistic treatment including all f 1 , f 2 and conduction electron states. We compare our results to La 1−x Ce x Cu 2.2 Si 2 [4] where C(T )/T = γ(T ) ∼ − ln(T ) and χ(T ) ∼ − ln(T ) (per Ce ion) are observed along with large, negative S(T ).
The original M = 2, S I = 1/2 Kondo model described an impurity magnetic moment with orbital conduction channel labels [8] . Heavy electron alloys containing trivalent cerium (Ce 3+ ) ions with a lowest lying f 1 magnetic configuration with a doublet CEF induced ground state are candidate M = 2, S I = 1/2 systems, provided two necessary conditions are met [12] :
(1) The point group of the Ce 3+ ion must be cubic or hexagonal. With the CEF turned on, the f 0 configuration with only a trivial singlet level is unaffected. We assume the CEF induces a magnetic doublet (Γ 7 ) ground state in the f 1 J = 5/2 multiplet which acts like an effective magnetic spin S I =1/2 with indices α =↑, ↓. In the f 2 J = 4 multiplet, we assume a lowest lying non-magnetic doublet (Γ 3 ) which has quadrupolar or shape degrees of freedom (n="+" = stretched ion, n="-" =squashed ion). This roughly corresponds to the 3z 2 − r 2 (+), x 2 − y 2 (−) orbital E doublet for transition metal ions in cubic symmetry. The conduction j c = 5/2 partial wave sextet splits into a doublet (Γ 7c ) and quartet (Γ 8c ) under the CEF. The trivial f 0 symmetry implies that only Γ 7c doublet partial waves induce
waves. This quartet is a tensor product of "spin" (Γ 7 ) and "orbital" (
degrees of freedom. There are then three symmetry distinct "channels" of "spin states" (Γ 7 ) from the conduction sector: one from the Γ 7c doublet, and two from the Γ 8c quartet.
Conduction impurity coupling is effected through the hybridization Hamiltonian, H hyb ,
given by
where c ǫα (c † ǫα ) and c ǫnα (c † ǫnα ) annihilate(create) conduction electron partial wave states of energy ǫ in the Γ 7c and Γ 8c manifolds, respectively. All Clebsch-Gordon coefficients are lumped into the hybridization matrix elements V 01 and V 12 . Although V 01 and V 12 are constrained by the one-body nature of the hybridization potential, we allow their free variation to study the competition between M = 1, 2, 3 parameter regimes. Similarly, we will not constrain ǫ 1,2 by the known values (ǫ 1 ≈ −2eV, ǫ 2 ≈ −2ǫ 1 ≈ 4eV [13] ). We shall critically discuss these assumptions later.
This model maps to a Kondo (exchange) form at low energy scales, using the SchriefferWolff transformation [14] . The S I = 1/2 impurity spin from the f 1 , Γ 7 is coupled to conduction states exchange integrals J 1 = −2|V 01 | 2 /ǫ 1 for M = 1, Γ 7c conduction states, and
theory results from the combination of Γ 7c , Γ 8c states. Note that the common models with U f f → ∞ assumed give no access to the M = 2, 3 fixed points! Third order scaling theory
, with the crossover from the high temperature free moment fixed point set by the Kondo scale T 0 [15] .
We have studied our model with the non-crossing approximation (NCA), a self-consistent diagrammatic method-for further details see Refs. [16, 17] . In the NCA pseudo-particle Green's functions are introduced for each ionic state of the f 0,1,2 configurations, and the self-energy equations for these propagators are self-consistently solved to second order in
The NCA yields the correct critical behavior for the over-screened SU(N)⊗SU(M)
multi-channel Kondo model, with N the impurity spin degeneracy [17] . The NCA produces pathological singularities for M = 1, but only below a scale T p << T 0 [16]. In particular, χ(0), γ(0) ∼ 1/T 0 as expected. Hence, the NCA is a reliable method for detailed studies of the competition between M = 1, 2, 3 fixed points.
At T = 0, the NCA can be reduced to coupled non-linear differential equations for the inverse configuration propagators as a function of frequency which can be solved analytically close to a threshold energy ( 17] . We introduce the quantity
where
we obtain M = 1[M = 2](M = 3) low temperature physics, in agreement with the third order scaling in J 1 , J 2 mentioned above.
Parameters for our NCA work are listed in Table 1 . For simplicity, we take Γ = Γ 12 = Γ 01 , so ǫ 2 alone regulates the T → 0 physics. In addition, we can analytically estimate T 0 (here
In deriving these T 0 expressions, we assume Γ, |ǫ 
is the angular averaged transport lifetime determined from the oneparticle T -matrix defined in terms of the interconfiguration excitation propagator [15] [16] [17] .
We obtain the expected behavior ρ(T )/ρ(0)
New physics is evident in S(T ) = −I 1 /eT I 0 , with e the electron charge. Given T 0 << D, the sign of S(T ) is determined by the degree of particle-hole asymmetry in 1/τ (ǫ). We now address the effect of omitted f 2 and conduction states:
( Turning to the alloy, La 1−x Ce x Cu 2.2 Si 2 , it is found that χ(T ), γ(T ) ∼ − ln(T ) for x = 0.1 [4] . We thus examine whether it meets the necessary Conditions (1,2) for the M = 2, S I = 1/2 fixed point. First, the Ce ions sit in a pseudo-cubic environment with a doublet ground state well known from neutron scattering [19] . The best superconducting samples of CeCu 2.2 Si 2 have isotropic low temperature susceptibilities [21] . Hence, condition (1) appears to be satisfied. Using data from Ref. [4] and the cubic Γ 7 effective moment to estimate the Landau-Wilson ratio R given by
we obtain R =2.7(1), in excellent agreement with the theoretical M = 2, S I = 1/2 value R = 8/3 [9, 10] . The uncertainty reflects measurement accuracy from the plots of Ref. [4] .
Further support arises from the enhancement of γ(T ) in applied magnetic field [4] which is qualitatively (though not quantitatively) consistent with the M = 2, S I = 1/2 Bethe-Ansatz results [9] ; in contrast, for the M = 1, S I = 1/2 model, γ(T ) drops with applied field. The resistivity ρ(T ) does not display clean T 1/2 behavior, but has been measured down to only T ≈ T 0 /10=1.2K [4] ; our work shows that the T 1/2 behavior sets in below about 0.05T 0 [15, 18] .
Turning to condition (2), we consider the x = 1 S(T ) data for which a sign change occurs at 70K, well above T 0 ≈ 10K, eventually reaching a large negative value of about −20 − 30µV/K, which is in reasonable agreement with our M = 2 curves. We observe that: In summary, we believe the La 1−x Ce x Cu 2.2 Si 2 system is a promising M = 2, S I = 1/2 (or M = 3 under pressure) Kondo candidate which should be studied further, particularly because magnetic Kondo impurities are more readily studied (they couple directly to magnetic field and neutrons). Table 1 ).
Points: NCA calculations; Solid Lines: Exact Bethe-Ansatz results [9] (with T 0 = T K /0.3 for M = 2, T K from Ref. [9] ). For convenience, we multiply virtual charge fluctuations give positive(negative) S(T ). Referring to the Table 1 : the dashdotted line is calculated with parameter set 8, the dashed-dot-dotted line is calculated with parameter set 1, and the solid line is calculated with parameter set 4.
